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Gene expression in vivo shows that Helicobacter
pylori colonizes an acidic niche on the gastric surface
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Helicobacter pylori is a gastric-dwelling pathogen responsible,
with acid secretion, for peptic ulcer and a 20-fold increase in the risk
of gastric cancer. Several transcriptomes have been described after
short-term exposure to acidity in vitro, but there are no data
identifying the effects of chronic gastric exposure on bacterial
gene expression. Comparison of the in vivo to the in vitro tran-
scriptome at pH 7.4 identified several groups of genes of known
function that increased expression >2-fold, and three of these
respond both to acidity in vitro and to gastric infection. Almost all
known acid acclimation genes are highly up-regulated. These
include ureA, ureB, and rocF and the pH-gated urea channel, urel.
There is also up-regulation of two groups of motility and chemo-
taxis genes and for pathogenicity island genes, especially cagA, a
predictor for pathogenicity. Most of these genes interact with
HP0166, the response element of the pH-sensing two-component
histidine kinase, HP0165/HP0166, ArsRS. Based on the pH profile of
survival of urel deletion mutants in vitro and their inability to
survive in gastric acidity, the habitat of the organism at the gastric
surface is acidic with a pH = 4.0. Hence, the pH of the habitat of H.
pylori on the surface of the stomach largely determines the
regulation of these specific groups of genes.

acid acclimation | gastric pH | global transcriptome | microarray

he acidity of the mammalian stomach is important for prevent-

ing the transit of many potentially injurious bacteria to the
intestine. Although some pathogens, such as Vibrio cholerae or
pathogenic Escherichia coli, are able to transit the highly acidic
gastric environment because of expression of acid resistance or
tolerance genes (1), only Helicobacter pylori, a Gram-negative,
microaerophilic neutralophile, is able to colonize the human stom-
ach. Studies have been performed in vitro to examine the effect of
short term exposure (30—120 min) to acidic pH on H. pylori gene
regulation (2-5). Under these conditions, the organism up-
regulates acid acclimation and other groups of genes (2). Only
analysis of gene expression in the stomach can evaluate the effect
of long-term exposure to the gastric environment and identify
whether it is acidic or neutral and provide information on the
bacterial response to gastric habitation.

An important component of the response of H. pylori to acid is
acid acclimation (6-8). Acid acclimation is the ability of H. pylori
to maintain periplasmic pH at 6.1 in the face of an external pH at
least as low as pH 2.5 (6, 9, 10). Hence, by maintaining a near
neutral periplasmic pH, the cytoplasmic pH experiences relatively
small excursions from its optimal pH in the presence of acid,
allowing the organism to grow in gastric acidity as if it were in a
neutral environment. Many of the important components of the
acid acclimation system have been identified in vitro by biochemical,
physiological, and transcriptomal analysis (5, 6, 10-12).

The importance of some of the individual components of the acid
acclimation system has been confirmed by gene deletion correlating
the survival of H. pylori exposed to an acid pH in vitro with the
ability of the mutants to infect the stomach (6, 13, 14). Other genes
have been identified that contribute to or are essential for gastric
infection, such as genes involved in motility and chemotaxis (15—
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17). Some of these studies have relied on examination of the effects
of in vitro culture under different conditions on gene expression or
bacterial survival to identify genes of interest for subsequent
knockout studies. Others have relied on the loss of infective ability
of deletion mutants (2-5, 13, 18). It has not been determined
whether any of these genes change expression when the organism
colonizes the stomach.

The median pH of the gastric lumen is 1.4 (19). This has resulted
in the suggestion that there is a barrier to back diffusion of protons
across the mucus layer and neutralization by bicarbonate secretion
by the gastric surface cells (20). The perceived need for a barrier
derives from the original finding that artificial phospholipid bilayers
were proton permeable (21). More recent work showed that this
result was due to contamination of the phospholipid and that bilayer
proton permeability is similar to that of small cations. Hence, in the
absence of proton conductance on the apical membrane of gastric
epithelial cells, no proton barrier is required (22, 23).

Nevertheless, the pH at the gastric surface remains important
and controversial. Studies using glass tip pH microelectrodes sug-
gested the presence of a gastric barrier comprised of mucus and
HCO5™ secretion maintaining the surface pH at ~6.0 even with a
luminal pH of 1.0 to 2.0 (24). In contrast, studies using pH sensitive
fluorimetric dyes concluded that the pH at the epithelial surface
was maintained at pH 4 independent of luminal pH (25). Recent
work using open tip electrodes shows that there is loss of the proton
barrier in mice infected with H. pylori (26). Examination of the
changes and the magnitude of expression of the acid acclimation
genes in vivo can determine the degree of acidity at the gastric
surface. Similarly, expression levels of motility and pathogenicity
island (PAI) genes that are regulated by acid in vitro will provide
additional evidence as to the pH of the gastric environment of H.
pylori.

To determine the nature of the genes expressed by H. pylori in
vivo, we isolated the bacterial RNA from infected gerbil stomachs
and performed transcriptomal analysis. Because the luminal pH
and the pathological consequences of H. pylori infection of the
gerbil stomach is similar to that of the human, it is likely that the
gene expression profile will resemble that occurring during colo-
nization of man (19, 27). The animals were infected with H. pylori
expressing Green Fluorescent Protein (GFP) to allow localization
of the infection using confocal microscopy. The organisms were
found adherent to the surface epithelial cells and in the overlying
mucus layer (data not shown).

Here, we present the first set of data on the transcriptome of H.
pylori inhabiting the stomach. A previous publication (28) used
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Fig. 1. Genes of known function in the annotated H. pylori genome up-
regulated after gastric infection. On the left are three groups of genes
discussed in the text, acid acclimation, motility/chemotaxis, and pathogenicity
(gray bars). On the right, in descending order, are groups of genes of known
function that are up-regulated >2-fold after gastric infection compared with
in vitro culture.

DNA capture to identify only those genes that were unique to the
gastric environment but did not survey global changes as compared
with in vitro culture conditions. Several groups of genes markedly
increased expression in vivo compared with that of the bacterium in
vitro. These data show the differences between gastric dwelling
bacteria and bacteria cultured in vitro, reflecting the response to
gastric habitation. These differences indicate that the gastric envi-
ronment at the site of infection is acidic. There is good agreement
between the data presented here and PCR studies on a few selected
genes from human or monkey biopsies (29, 30).

Results

Microarray analysis of gene expression of H. pylori isolated from the
gerbil stomach 10 days after inoculation identified 16 groups of
genes of known function that increased expression >2-fold com-
pared with H. pylori grown on TSA plates in a microaerobic
environment at pH 7.4. There were also ~100 genes of unknown
function that increased by the same amount. Fig. 1 shows the
number of genes in the functional groups that were up-regulated
twofold or greater in the in vivo transcriptome. Members of two of
these groups have been identified as required for infection of
animal models. These are genes encoding proteins involved in acid
acclimation and in motility and chemotaxis. The motility and
chemotactic proteins allow the organism to penetrate the gastric
mucus layer to find its site of colonization, probably a specific niche
in the gastric epithelium (31). A third group of genes was also
up-regulated in vivo encoding for proteins of the Cag PAI, one of
which, CagA, has often been considered as a marker for induction
of gastric pathology.

qPCR. Two genes that were up-regulated in gerbil infection were
selected for confirmation by real time PCR. One gene, HP0166,
which was unchanged on the microarray in vivo, was chosen as a
control. This gene did not show a change in the gastric environment
but was up-regulated in acid in vitro. The results are in Table 1. This
experiment confirmed the up-regulation of ure4 and wrel in the
gerbil infection model. There was no change in HP0166 (ompR).

Acid Acclimation. A comparison of the in vivo transcriptome to the
in vitro transcriptome (Table 2) shows that most of the known
acid acclimation genes are up-regulated in the gerbil stomach.
There was a relatively larger increase in vivo of the expressions
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Table 1. The difference in cycle number between the in vivo

and in vitro conditions as determined by qPCR
Gene ureA urel ompR

AC(T) 7.03 2.04 0.03

AC(T) = C(Min vivo — C(Min vitro, Where C(T) is the cycle greater than one
standard deviation above background.

of ureA, ureB, hypB, and rocF as compared with the others of this
group. The genes encoding the structural subunits of urease,
ureA and ureB, showed a very large increase in the gastric
transcriptome, indicating an increased requirement for urease in
the stomach, likely due to prolonged exposure to high acidity and
variable urea and maybe peptic modification of the outer
membrane. Accompanying this increased transcription, the
genes encoding accessory subunits involved in Ni?* insertion
that converts the apoenzyme to active urease, ureE and ureG,
and the Ni?* donating hydrogenase accessory proteins hypA and
hypB were also up-regulated. The absence of up-regulation of
ureF and ureH may be due to variable stability of these mRNAs
that has been described (32). The genes encoding the proton-
gated urea channel, Urel and a-carbonic anhydrase, which are
essential for acid acclimation, were also up-regulated in the
stomach (6, 10). There was a large increase of expression of rocF,
the gene encoding arginase. There was also increased expression
of the three genes encoding enzymes able to generate intrabac-
terial ammonia, namely amidases amiE and amiF and aspartase,
aspA. Also in the table are the in vitro pH 4.5 induced transcrip-
tomal studies that showed up-regulation of the acid acclimation
genes. Except for iypB and aspA, all of the acid acclimation genes
of this group are members of the acid sensing ArsRS regulon (7).

Motility and Chemotaxis. Expression of 18 genes involved in motility
and chemotaxis increased in the gastric gene profile (Table 3).
Some members of this group are essential for infection, such as flaA
and flaB, encoding for the structural subunits of the flagellum.
There was increased in vivo expression of the chemotaxis gene cheY
(HP1067) and the two chel” genes (HP0393, HP0019). There was
also increased expression of two genes encoding for transmem-
brane receptors, the methyl-accepting chemotaxis proteins, t#pB
(HP0103), and HP0599.

Twelve of this group of genes were up-regulated in the acidic
in vitro transcriptome, hence again showing acidity of the gastric
environment of H. pylori. Only three genes in this group, flgG,
HP1192 (encoding a motility related secreted protein) and cheY
(encoding a chemotaxis protein) are members of the ArsRS
regulon and therefore the pH-dependent regulation of expres-
sion of the remaining nine genes does not depend on ArsRS but
on unknown regulators.

PAI. Many H. pylori strains contain the Cag PAI, whose genes
encode for many components of a type I'V secretory system (T4SS)
(15, 62). These genes are not essential for infection, because many
strains isolated from the human stomach lack this PAI. However,
because of their up-regulation at pH 4.5 in vitro, interaction with
HP0166 and their likely clinical importance, this group is included
here (33). As shown in Table 4, nine genes of the Cag PAI were
up-regulated in the stomach, five of which respond to acid in vitro
and eight of which interact with the response element of the ArsRS,
HPO166.

cag26 encodes the protein, CagA, which has been associated
with virulence of infection and is exported and injected into
the host cell (34) and this gene increases expression about
20-fold probably because of adhesion of the organism to the
gastric surface and CagA secretion into the host cell. Without
secretion as is the case in vitro, there is no change in expression

Scott et al.
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Table 2. Expression of acid acclimation genes up-regulated =2-fold in vivo compared with pH 7.4 in vitro and
comparison with previously published in vitro acid-induced global transcriptome analyses

In vitro increased transcription

Accession no. Increase Description to low pH by ref.
HP0072 29.90 + 8.23 Urease beta subunit (urea amidohydrolase) (ureB)* 4
HP0073 21.96 = 4.38 Urease alpha subunit (urea amidohydrolase) (ureA)* 3,4
HP0071 5.04 + 2.06 Urease accessory protein (urel)** 4,5
HP0070 1.79 = 0.53 Urease accessory protein (ureE)* 5
HP0068 3.64 = 1.22 Urease accessory protein (ureG)* 4,5
HP0900 10.16 = 1.39 Hydrogenase expression/formation protein (hypB) 5
HP0869 2.57 £0.19 Hydrogenase expression/formation protein (hypA)* 3,5
HP1186 2.68 = 0.98 Carbonic anhydrase * 5
HP0294 531 +1.78 Aliphatic amidase (amiE)* 3-5
HP1238 1.97 = 0.25 Formamidase (amiF)* 3,4
HP0649 2.42 = 0.60 Aspartase (aspA)
HP1399 15.94 = 2.90 Arginase (rocF)** 3,5
Genes identified as members of the ArsRS regulon are in bold.
*See ref. 7.
See ref. 60.

of this gene. Because seven of these genes belong to the ArsRS
regulon, they probably respond to the acidity of the gastric
environment of H. pylori.

Discussion

Analysis of gene expression by the organism dwelling in the
stomach is required to explain the unique ability of H. pylori to
colonize the human stomach. H. pylori global transcriptomal
analysis has been limited to studies of gene regulation in vitro
although many of these in vitro studies have measured expression
in acidic compared with neutral media but do not fully represent
the gastric conditions encountered by the organism (2-5). Only
one study included urea to more closely mimic the conditions of
the stomach (5). The pH at the site of colonization is contro-
versial and other factors may play a role in adaptation of the
organism to its gastric environment. The data on acid acclima-
tion genes in vivo show that H. pylori experiences and resides in
acid and also expresses many motility and chemotaxis genes to
allow the bacteria to move on the gastric surface or the adjacent
mucus layer. PAI genes thought to play an important role in the
gastric mucosal response to infection are also increased in the in
vivo transcriptome (35).

Acid Acclimation. Acid acclimation is the ability of H. pylori to
maintain periplasmic pH close to neutrality in the presence of extra
bacterial acidity to maintain cytoplasmic pH at physiological levels.
Several acid acclimation genes are required for Helicobacter colo-
nization of animal models. These genes include urease, those
involved in its biosynthesis, and Urel, the proton gated urea channel
essential for adequate access of medium urea to intrabacterial
urease and periplasmic a-carbonic anhydrase (6, 10, 13). Intrabac-
terial urease along with Urel and the periplasmic a-carbonic
anhydrase act in concert to buffer the periplasm to pH 6.1 even at
a pHout 2.5. These in vitro data were obtained by measurement of
inner membrane potential, cytoplasmic pH, and the use of a pH
sensing dye to directly visualize periplasmic alkalization using urel
and HP1186 (a-carbonic anhydrase) deletion mutants or acetazol-
amide to inhibit a-carbonic anhydrase (6, 9, 36).

The in vivo H. pylori transcriptome showed an increase in the level
of message for the acid acclimation genes ureA, ureB, several urease
accessory genes required for Ni>™ insertion, urel and a-carbonic
anhydrase when compared with bacteria grown under optimal
laboratory conditions. There was also an increased transcription of
the hydrogenase accessory genes, hypA and hypB. These genes
encode for proteins involved in nickel regulation and are implicated

Scott et al.

in the activation of the urease apoenzyme. Deletion of either hypA
or hypB results in significant reduction in urease activity by 40- and
200-fold, respectively (37). Therefore, along with the increase in
expression of ure4 and ureB, a concomitant increase would occur
in Ni?>* sequestering proteins to provide this essential cation to the
apoenzyme (38, 39). The increase in expression of these genes
emphasizes the need for high urease content for colonization of the
niche occupied by H. pylori in the gerbil stomach (31).

There was also increased expression of three genes encoding
enzymes able to generate intrabacterial ammonia, the amidases
(amiE and amiF), and aspartase, aspA. These enzymes may con-
tribute to neutralization of entering protons under acidic conditions
by production of ammonia. These enzymes may also contribute to
periplasmic buffering and thus acid acclimation. None of these
genes have been shown to be essential either for colonizing the
mouse stomach or for acid survival in vitro. However, the intragas-
tric pH of the mouse stomach is two units higher than that of the
gerbil and may account for the up-regulation of these genes in the
gerbil in vivo transcriptome (13, 40).

There was a large increase of expression of the gene encoding
arginase (rocF) by about 15-fold in vivo, possibly to provide an
alternate source for intracellular urea. Arginase generates intra-
bacterial urea, and although not required for infection of the mouse
stomach, it is required for acid survival in vitro in the absence of urea
(41-43). Urea concentrations at the site of colonization may not be
maintained at adequate levels, which may account for the up-
regulation of arginase seen in vivo.

Except for aspA, all of the genes identified in this group showed
similar changes in transcription in in vitro transcriptomal analyses
when the bacteria were exposed to various levels of acidity (3-5).
The above data make it likely that the site of infection of the gerbil
stomach by H. pylori is acidic requiring the increased production of
proteins encoded by the acid acclimation genes in this group.

It is thought that the gastric mucus is a barrier to luminal acid,
protecting the gastric epithelium from damage. Recent data have
challenged this supposition. Early work using glass microelectrodes
suggested the presence of a pH gradient in the gastric mucus with
the luminal face being acidic and the epithelial surface being
neutral. This pH gradient through the mucus was maintained until
Iuminal pH fell to <2.0, whereupon surface pH equaled luminal pH
(44). More recent work using open tip ionophore based electrodes
indicated the presence of a gastric surface pH barrier at a luminal
pH of 2.0 or even 1.0 (45). However, using similar electrodes, it
appears that infection with H. pylori of the mouse stomach disrupts
this putative gastric barrier, allowing acidification of the gastric
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Table 3. Expression of motility and chemotactic genes up-regulated =2-fold in vivo compared with pH 7.4 in
vitro and comparison with previously published in vitro acid-induced global transcriptome analyses

In vitro increased transcription

Accession no. Mean = SEM Description to low pH, by ref.
HP0601 20.69 + 14.06 Flagellin A (flaA) 5
HPO0115 2.19 £ 1.51 Flagellin B (flaB) 4,5
HP0870 4,53 = 0.79 Flagellar hook (flgE)

HP0908 3.07 £ 0.39 Flagellar hook (flgE) 4
HP1585 3.93 £ 0.44 Flagellar basal-body rod protein (flgG)* 5
HP1559 2.98 = 0.77 Flagellar basal-body rod protein (flgB) 4,5
HP1557 4.45 + 0.95 Flagellar basal-body protein (fliE) 5
HP0325 2.27 = 0.50 Flagellar basal-body L-ring protein (flgH)

HP0907 3.56 = 0.68 Hook assembly protein, flagella (flgD)

HP1233 2.50 = 0.54 H. pylori predicted coding region HP1233 flgJ-like

HP1192 5.38 = 1.66 Secreted protein involved in flagellar motility* 3,5
HP0232 417 +1.37 Secreted protein involved in flagellar motility 2
HP1462 2.22 = 0.61 Secreted protein involved in flagellar motility

HP1067 2.34 + 0.66 Chemotaxis protein (cheY) 5
HP0393 4.38 = 0.72 Chemotaxis protein (cheV) 5
HP0019 2.79 = 0.75 Chemotaxis protein (cheV) 5
HP0103 2.87 = 1.76 Methyl-accepting chemotaxis protein (t/pB) 2
HP0599 10.17 = 0.24 Methyl-accepting chemotaxis protein

Genes identified as members of the ArsRS regulon are in bold.

*See ref. 7.

surface (26). An alternative approach to determine the surface pH
gradient, using pH sensitive fluorescent probes, shows that, in
agreement with the earlier microelectrode data, the gradient dis-
appeared when the lumen was maintained at pH 2.0 (25). These
studies show that the pH at the gastric epithelial surface can be
maintained at pH 4.0 independent of luminal pH until the luminal
pH falls to <3.0, and then surface pH equals luminal pH. The
luminal pH after the gerbils were killed was found to be pH 3.0
(data not shown), hence the surface pH is at least 3.0. The median
pH of the stomach of this species is similar to that of man, pH 1.4
(13, 19, 27).

The pH at the gastric surface can be deduced from gastric
physiology and from physiological studies of H. pylori itself. The
antrum of the stomach is an endocrine organ and is also the major
site of H. pylori infection in the human (46). Feeding stimulates the
release of gastrin from the antral G-cell because of muscarinic and
gastrin-releasing peptide (GRP) stimulation and by luminal aro-
matic amino acids (47). Gastrin stimulates the release of histamine
from the enterochromaffin-like cell, which activates the H2 recep-

tor of the parietal cell and is the major peripheral stimulant of acid
secretion. The buffering action of food maintains luminal pH to
between pH 4.0 and 5.0. After digestion, the intragastric pH falls to
3.0 or less. D-cells are located at the base of antral glands and,
because their apical surface is exposed to the lumen, they sense
surface pH and release somatostatin when the luminal pH falls to
3.0 (48). Somatostatin inhibits gastrin release. The antral D cells
thus respond to acidic pH at a location well below the surface of the
mucosa. This inhibition of gastrin release by luminal pH at the D
cell suggests that gastric mucus and HCO;™ secretion do not
provide a barrier to protons at a luminal pH = 3.0 (25, 49).
Other evidence supporting an acidic environment at the gastric
surface is the finding that Hp urel deletion mutants are unable to
colonize either the mouse or gerbil and also do not survive at a pH
<4.0 in vitro even in the presence of physiological urea concentra-
tions (13). Expression of the Urel component of the acid acclima-
tion system is essential for infection or colonization of the gerbil
unless acid secretion is inhibited by administration of H, K ATPase
inhibitors. H. pylori isogenic urel deletion mutants infected the

Table 4. Expression of Cag PAIl genes up-regulated =2-fold in vivo compared with pH 7.4
in vitro and comparison with previously published in vitro acid-induced global

transcriptome analyses

In vitro increased transcription

Accession no. Mean = SEM Description to low pH, by ref.
HP0547 21.10 = 5.06 Cag PIA protein (cag26) cagA*

HP0546 5.90 = 2.71 Cag PIA protein (cag25)*

HP0543 3.06 = 0.15 Cag PIA protein (cag22)* 5
HP0542 2.66 = 0.49 Cag PIA protein (cag21)* 5

HP0541 4.22 = 0.59 Cag PIA protein (cag20)* 5
HP0532 3.46 = 1.37 Cag PIA protein (cag12) 5

HP0531 3.04 = 0.86 Cag PIA protein (cag?1)*

HP0520 2.26 + 0.51 Cag PIA protein (cag7)* 5
HP0525 2.47 = 0.50 virb11/ptlH homolog

Genes identified as members of the ArsRS regulon are in bold.

*See ref. 7
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nonacid secreting gerbil stomach as effectively as the wild-type
organism (13). However, restoration of acid secretion by discon-
tinuing administration of the ATPase inhibitors completely erad-
icated the deletion mutant but not the wild-type organism. There-
fore, the bacteria require expression of Urel to survive acidity at the
site of colonization on the gastric surface. It is likely that this pH =
4.0, the lowest pH at which H. pylori survives in the absence of either
urea or Urel (9).

Except for the hypB and aspA, all of the acid acclimation genes
in table 1 are members of the ArsRS regulon. These data provide
further evidence for exposure of the periplasm in vivo to a pH that
activates HP0165 at a pH ~5.9, the pH for half maximal activation
of Urel and close to the pK, of histidine (50, 51). This is close to
the calculated periplasmic pH found in vitro when the pHou Was pH
3.0 (9). It would seem that the regulation of these genes in vivo when
the organism is already on the surface of the gastric epithelium is
also a compelling argument for their requirement for colonization,
not just transit to the gastric surface. Hence, the in vivo transcrip-
tome and the urel deletion infection experiments indicate that H.
pylori has to resist acid both in transit from the gastric lumen to the
gastric surface and at its site of colonization. A model of the in vivo
acid acclimation mechanism and gene regulation by the ArsRS
two-component system is shown in Fig. 2.

Motility and Chemotaxis. To infect the stomach, H. pylori must
transit the mucus layer from the gastric lumen to access the
epithelial surface, its site of infection. This movement is directed as
H. pylori colonize a particular gastric niche, the transitional zone at
the interface of the antral and fundic mucosa of the human stomach
(31). It must continually seek out this niche as conditions vary
between feeding and fasting. This directed movement requires
motility and chemotaxis. H. pylori is spiral shaped with 2—6 unipolar
sheathed flagella. Together, these attributes enable the organism to
move in the gastric mucus (52).

Inoculation of gnotobiotic pigs with H. pylori strains of different
motilities as determined by in vitro methods demonstrated that the
rates of infection were proportional to the degree of motility of the
organism and established the requirement for motility as a patho-
genic factor (53). The flagellae are composed of two subunits, FlaA
and FlaB. Mutation of either subunit alone or a double mutation
abolished colonization in the gnotobiotic pig (54). Mutagenesis of
a number of motility genes in H. pylori also abolished colonization
and/or persistence in various animal infection models (16). Of the
13 genes encoding flagellar structural and biosynthetic proteins that
were up-regulated in the gerbil stomach, flaA, flgD, flgE, and flgH,
have been shown to be essential for gerbil infection. Eight of the 13
in vivo up-regulated genes were also up-regulated in in vitro
transcriptomal comparison studies of H. pylori exposed to acid
versus neutral pH (2-5). This commonality of increased expression
of these flagellar genes between the in vivo transcriptome and
acid-induced in vitro transcriptomes suggests that low pH at the site
of colonization is one of the triggers for transcription of these genes.
Also, there was an increase in expression of the chemotactic genes
cheY, and the two chel” genes in both the in vivo and in vitro
acid-induced transcriptomes suggesting that the trigger for the
sigma factor ¢80 is low pH (2, 5).

H. pylori has a positive chemotactic response to urea, sodium
bicarbonate and the urease inhibitor, flurofamide (55). Because
urea is an absolute requirement for acid survival by this gastric
pathogen, it has been suggested that the chemotactic response to
urea may be a requirement for colonization (55). Urease is not
required for the positive chemotactic response to urea in a low
viscosity medium but is required at higher viscosities (5.6-16.7 cP)
(56). In H. pylori, chemo-attractants/repellents bind to inner mem-
brane methyl-accepting chemoreceptor proteins (MCPs) (TIpA,
TlpB and TIpC). Ligand binding to the chemoreceptor activates the
histidine kinase, CheA, through the coupling protein CheW, phos-
phorylating the response regulator CheY that then binds to MotB

Scott et al.
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Fig. 2. The mechanism of acid acclimation by H. pylori. Urea and protons
enter the periplasm through outer membrane porins. Acid activation of Urel
results in 300-fold acceleration of urea entry into the bacterial cytoplasm. At
pH 6.1, the ArsRS two-component system is also activated and results in the
up-regulation of the Ni2* insertion genes, ureE and ureG, that contribute to
increase of urease activity by converting the apoenzyme into active urease.
The potential ammonia producing enzymes, amiE and amif, and the urea
producing rocF (arginase) are also up-regulated by this two-component sys-
tem, as is a-carbonic anhydrase (a-CA) and urel. Hydrolysis of urea results in
the production of H,CO3 and 2NHs. The former is converted into CO, and H,0
by the cytoplasmic B-carbonic anhydrase (8-CA), and both the CO, and NH3
diffuse rapidly through the inner membrane into the periplasm. There, the
CO; is converted by a-CA into HCO;~ and H*. The bicarbonate buffers the
periplasm, maintaining periplasmic pH at 6.1, and the NH3 neutralizes this
proton and also protons entering the periplasm. Ammonia is also able to
diffuse through the outer membrane to neutralize medium acidity. Cytoplas-
mic NH3 can also neutralize protons entering the cytoplasm. The acid accli-
mation genes that are up-regulated by ArsR (HP0166) are shown in the box.

the flagellar motor switch, affecting both flagellar direction and
rotational velocity. cheY mutants of H. pylori strain N6 are non-
motile and unable to infect the gnotobiotic pig (57). Likewise,
disruption of cheW and cheY in the SS1 strain renders the organism
nonmotile and unable to infect the HSD/ICR mouse. In contrast,
cheA, cheY, and cheW mutants of the SS1 strain were able to infect
FVB/N mice but with an attenuated phenotype after 2 weeks of
infection that returned to control levels after 6 months of infection
(58). Disruption of the motB gene results in a nonmotile bacterium
with intact flagella that is severely attenuated in its ability to infect
the FVB/N mouse and incapable of infecting the HSD/ICR mouse
(57, 59). Disruption of the putative MCP genes, tlpA and tipC, had
no effect on motility, but these mutants were also attenuated in their
ability to infect mice. There was increased in vivo expression of the
chemotaxis gene cheY (HP1067) and the two chel” genes (HP0393,
HPO0019) as in expression of these genes in the in vitro acid-exposed
transcriptome (2, 5). Increased expression of the gene encoding the
transmembrane receptor, methyl-accepting chemotaxis proteins,
tlpB (HP0103) and HP0559 in the gerbil stomach but not under
acidic conditions in vitro suggests that regulation of these genes,
unlike that of chel” and cheY, is independent of environmental pH.
Further, only three of these genes are part of the ArsRS regulon,
suggesting regulation by factors other than environmental pH.

PNAS | April 24,2007 | vol. 104 | no.17 | 7239

MICROBIOLOGY



Lo L

P

1\

o LN A D

Pathogenicity. It is thought that expression of the genes in the Cag
PAI s related to generation of gastric pathology (35). Several genes
of the Cag PAI are up-regulated by acidity in vitro (cag22, cag2l,
cag20, cagl?2, and cagl) and, along with cagA, are also part of the
ArsRS regulon (5, 7). None of the in vitro acid-induced transcrip-
tomes detected up-regulation of cagA, although it increased 21-fold
in vivo. These findings suggest that the T4SS machinery is up-
regulated when the organism senses acid so as to be primed to inject
CagA. cagA is up-regulated following adhesion and secretion into
the gastric cell due to the requirement for increased CagA synthesis.
Therefore, cagA as a member of the ArsRS regulon requires not
only acid for increased transcription but also adhesion to the host
cell and increased protein turnover due to secretion into the host
cell.

Thus, analysis of the in vivo transcriptome has shown up-
regulation of several groups of genes, three of which are discussed
here. The majority of the acid acclimation group of genes was
up-regulated, and these are members of the pH sensitive ArsRS
two-component system, indicating that this group is regulated by
gastric acidity. Only three of the motility and chemotaxis group of
genes are members of this regulon, but 12 of the 18 genes in this
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